A B S T R A C T
INTRODUCTION
The molecular structure of the erythrocyte membrane has been extensively studied (1) (2) (3) . It contains a membrane-associated cytoskeleton responsible for the unusual stability ofthis cell in circulation, and it retains the shape of the original cell after extraction with nonionic detergents (1, 4) . The cytoskeleton is composed of spectrin, band 4.11 and erythrocyte actin, as well as some other associated polypeptides. Ghosts rapidly disintegrate into small vesicles after selective extraction of spectrin and actin (1) . Spectrin has been shown to exist on the membrane as a tetramer consisting of two dimers associated head to head (5, 6) , and ghosts with spectrin principally in the dimer form are unstable (7) . Spectrin has also been shown to bind to erythrocyte actin and band 4.1 (8) (9) (10) . Spectrin dimers electron microscopy with identification ofbinding sites for ankyrin, band 4.1, and actin as well as the site of tetramer formation (6, 11) . Functional domains of spectrin have been identified by peptide fragment analysis (12) .
Abnormalities of spectrin are sometimes associated with gross abnormalities in erythrocyte shape. Mutant strains of mice have been reported that are deficient in spectrin and have extremely fragile spherocytic erythrocytes (13, 14) . Pyropoikilocytosis is a disorder of erythrocytes characterized by abnormal temperaturesensitive cell fragmentation (15) , and the spectrin has been shown to have increased sensitivity to thermal denaturation (16) . Some kindreds with elliptocytosis also appear to have spectrin with slightly increased heat sensitivity (17) , and spectrin from a similar patient was shown to yield abnormal trypsin digestion fragments (18) . Other reports indicate that other forms of elliptocytosis may be due to alterations in spectrin tetramer-dimer equilibrium (19) or reductions in the amount of band 4.1 (20, 21) .
Direct association of cytoskeletal proteins with membrane components has been demonstrated (22) (23) (24) . Spectrin binds with high affinity to band 2.1, a polypeptide localized on the inner surface ofthe membrane named "ankyrin" (25) (26) (27) (28) which has been purified (11, 29) . Ankyrin binds directly to the membrane at a site identified as the cytoplasmic domain of band 3 (30) . We searched for defects in this linkage in abnormally shaped erythrocytes. Two families were located with hemolytic poikilocytic anemia, and reductions in the number of high affinity ankyrin binding sites were identified in each.
METHODS Patients
Individuals from two unrelated families were studied in detail. Affected members had varying degrees of icterus and anemia and their erythrocytes have bizarre morphology (Fig. 1) . Clinical evaluation ruled out abnormalities of hemoglobin, glycolytic enzymes, autoimmunity, and nutrition because the following determinations were normal: serum iron, transferrin, ferritin, vitamin B,2 and folate, free erythrocyte protoporphyrin, hemoglobin electrophoresis, a:,8-globin ratios, glycolytic enzymes, direct and indirect Coombs, and fibrin degradation products. Preliminary heat-induced fragmentation studies showed no significant temperature shift.
Studies with 51Cr-labeled erythrocytes from patient D.W. before splenectomy showed a survival of 15 d (normal 26-35 d). Cells from patients had slightly increased hypotonic lysis before splenectomy (midpoint 0.48% NaCl, normal 0.39-0.46%) and greatly increased hypotonic lysis after splenectomy (midpoint 0.57% NaCl). Increased autohemolysis was noted (7.8 and 10.8%, normal <3%) and was partially corrected with glucose (1.9 and 2.7%, normal <1%). All three patients underwent splenectomy, which resulted in an improvement of the anemia (Table I) , although the abnormal erythrocyte morphology persisted.
North Carolina family. The index case, A.P., is a 23-yrold black male with chronic anemia who first required a blood transfusion at age 5 yr. Scleral icterus was noted intermittently, and he was referred to the University of North Carolina at age 18. He had splenomegaly but looked well. He underwent splenectomy and now enjoys excellent health. A younger sister (H.P.) has similar erythrocytes and recently underwent splenectomy with cholecystectomy resulting in clinical improvement. An older brother (H.W.P.) has similar erythrocytes but compensated hemolysis. The other three siblings and both parents are healthy and have normal erythrocytes. Mistaken paternity has been excluded with a survey ofgenetic markers. Also, inheritance of Rh antigens was not clearly linked with the erythrocyte defect, and sulfate flux studies were normal.
Ontario family. The index case, D.W., is a 65-yr-old Caucasian woman with chronic hemolytic poikilocytic anemia that was exacerbated by gastrointestinal bleeding 14 yr ago.
After splenectomy she improved clinically and enjoys good health. Her son (P.W.) was found to have uniformly elliptocytic erythrocytes, but is not significantly anemic. None of her other relatives have histories of blood disorders, and all of those checked have normal peripheral blood smears.
Control blood samples were also obtained from many unrelated individuals including several healthy adults with normal erythrocytes, five adults with varying degrees of 
Preparative methods
Venous blood samples were anticoagulated with acid citrate-dextrose and stored at 0°C for up to 24 h. Washed erythrocytes were hypotonically lysed as described (27) . The viscous leukocyte pellet was carefully removed by aspiration, and the ghosts were washed repeatedly until those from normal cells were white. Ghosts from patients with each ofthe various hemolytic anemias usually remained slightly pink unless washed more extensively. Inside-out vesicles depleted of spectrin and actin and ankyrin-stripped, inside-out vesicles were prepared taking precautions to avoid proteolysis as described (25, 26, 31, 32) .
Spectrin heterodimer was purified to homogeneity from erythrocytes of normal individuals as described (31, 33) . Pure spectrin was radiolabeled with '25I-Bolton-Hunter reagent essentially as described for radiolabeling ankyrin (32) . After dilution with pure unlabeled spectrin, the specific activities of the different preparations ranged between 70,000 and 285,000 cpm/,ug. Ankyrin was purified to homogeneity from the erythrocytes of normal individuals as described (29) and was radiolabeled with 125I-Bolton-Hunter reagent (32) . After dilution with unlabeled ankyrin, the final specific activities ranged between 50,000 and 90,000 cpm/,ug. Note that in all experiments 1251-spectrin and 125I-ankyrin refer to radiolabeled pure protein prepared from normal individuals. Ankyrin for competition experiments was partially purified by selective extraction of the cytoskeletons.
Assay methods
Binding of 2-5I-spectrin to inside-out vesicles was measured as reported (31) . Samples of l25I-spectrin were heat-denatured (70°C, 10 min) and were tested at every 125I-spectrin concentration for each patient in each experiment to estimate nonspecific binding. Such measurements showed -10% ofthe total counts per minute bound to be nonspecific, and the measured value was routinely subtracted. All spectrin binding experiments are presented with each point representing duplicates and had ranges of <±6%.
Binding of 125I-ankyrin to ankyrin-stripped, inside-out vesicles was measured as reported (32) . 125I-Ankyrin (1-50 ,ug, 50,000 to 90,000 cpm/4Lg) and ankyrin-stripped, inside-out vesicles (6-13 ,ug membrane protein) were incubated in 0.2 ml vol for 150 min at 240C. Free and membrane-bound [125]_ ankyrin were separated and nonspecific binding (which was generally -10% of the total) was measured for each point and corrected as described above. All values represent duplicates or triplicates and had ranges of < +6%. The l25I-ankyrin binding data were fitted to the four parameter Scatchard model (34, 35) with Scatchard model test data, a nonlinear computer analysis (36) .
Scanning electron microscope studies were performed on aliquots of the blood samples that were diluted into prefiltered 0.1 M sodium phosphate, 3% glutaraldehyde, pH 7.4 immediately after blood-drawing. Membrane protein was estimated (37) using bovine serum albumin as the standard. Spectrin, ankyrin, and 43,000-dalton fragments ofband 3 were estimated by absorbance at 280 nM. SDS-polyacrylamide gel electrophoresis (PAGE) was performed essentially by the method of Fairbanks (38) .
RESULTS
SDS-PAGE was performed on membranes and vesicles at each stage of preparation, and there is no significant abnormality of the major polypeptide bands (Fig. 2 ). In the ghosts (lanes A-E) band 8 and hemoglobin appear increased in patient preparations but can be reduced by more extensive washing. This is also seen in ghosts from several other sorts of hemolytic anemias and probably represents adherent protein rather than protein trapped in right-side-out vesicles. Spectrinstripped, inside-out vesicles (lanes F-J) appear equivalent. Ankyrin-stripped, inside-out vesicles (lanes K-O) consisted of identical amounts of band 3 and periodic acid-Schiff (PAS) staining (not shown), which are the principal polypeptides remaining. Special care was taken to detect residual ankyrin on the vesicles, but the tiny amount (<5%) of spectrin and ankyrin remaining did not correlate with reductions of [125I]_ ankyrin binding. Spectrin (not shown) and ankyrin were partially purified from each of the patients and controls, and no differences in quantity or electrophoretic mobility were noted. Proteolysis was a concern so precautions were taken to avoid it, and inspection of the gels failed to demonstrate evidence of any proteolysis. SDS-PAGE of preparations from members of the Ontario family were also essentially normal (not shown).
Spectrin binding sites are normal. The binding [125I]SPECTRIN FREE, ag/ml FIGURE 3 Effect of increasing the concentration of '25I-spectrin on binding to inside-out vesicles. The '25I-spectrin, in this and all experiments, was prepared from a normal individual. The inside-out vesicles were prepared from patients (A, A.P., N. C., above; and O, D.W., Ontario, below) and normals (0). Various concentrations of '251-spectrin were incubated at 0°C in a 0.2-ml vol with the corresponding insideout vesicles (9 ,ug membrane protein). Specifically membrane bound and free radioactivity were determined for each point. These data are plotted according to the Scatchard equation in the insets. sites for spectrin on the membrane (ankyrin) were examined by comparing the capacities of patient and control inside-out vesicles to bind 125I-spectrin heterodimer prepared from normal erythrocytes (Fig. 3) . Increasing concentrations of 125I-spectrin were incubated with constant amounts of inside-out vesicles, and the total binding capacities and affinities were identical. Although higher capacities were measured in other experiments, the values obtained from patients and controls were always identical within each experiment, which indicates that there is no significant difference in the spectrin binding sites.
Binding ofspectrin and ankyrin is normal. Various concentrations of unlabeled spectrin (from patients or controls) were incubated with a constant amount of 125I-spectrin and a constant amount ofcontrol inside-out vesicles. Unlabeled spectrin competed with 1251-spectrin for the binding sites, and spectrin samples from patients and controls appeared equivalent (Table  II) . Similar experiments were also performed with unlabeled ankyrin, and patient and control preparations again appeared equivalent (Table II) . Spectrin from patients with hereditary pyropoikilocytosis (16) is more sensitive to heat denaturation than normal spectrin. Spectrin from patient A.P. and a control were preincubated at several temperatures above 50°C with identical loss ofbinding ability. Likewise, ankyrin from Detailed binding experiments were conducted over wide ranges of 125I-ankyrin concentrations. Plots of binding data (Fig. 4, left panels) show significantly reduced 1251-ankyrin binding for all points in the high affinity region of each profile. Data from these individuals were analyzed with a computer program for unconstrained nonlinear regression analysis of unweighted data in order to resolve curvilinear Scatchard plots (Fig. 4, middle panels) into linear components of the best fit (Fig. 4, right panels) significance of each of these differences in B1 were determined within experiments 8 and 10: P < 0.10 for A.P., P < 0.12 for H.P., and P < 0.006 for D.W., when calculated from a normal distribution (Table IV) Table IV ). Because B2 is invariably much larger than Bl, the total ankyrin binding capacity (B1 + B2) cannot be considered signifi- cantly different when the different patients and con-When our data were analyzed with this method also, the trols are compared, and the total capacity may even be reduction in B1 of our patient data greatly outweighed the same. Determination ofKD1 and KD2 invariably con-changes in KD1 in explaining the differences between tained wide standard deviations so differences were of patient and control data. no statistical significance. In summary, ankyrin-stripped, inside-out vesicles Statistical analysis of curvilinear Scatchard plots is prepared from patients A.P., H.P., and D.W. always had fraught with difficulty. Another method has also been significant reductions in the ability to bind 125I1 used to assess the contributions of capacity and ankyrin. Computer analysis showed the most statisaffinity to apparent differences between two plots (39) . tically significant explanation to be a 50% reduction in Molecular Defect in Hemolytic Poikilocytic Anemia Ankyrin has been shown to bind to the erythrocyte membrane with high affinity through a specific interaction with the cytoplasmic portion of the band 3 molecule (29, 32, 40) . Controlled enzymatic digestion of ankyrin-stripped, inside-out vesicles with a-chymotrypsin cleaves a water soluble 43,000-dalton fragment from the cytoplasmic portion of band 3. This polypeptide has been purified and has been shown to bind to ankyrin in solution. Indeed, the soluble peptide will compete with membrane-associated band 3 for binding of 125I-ankyrin in solution. When the 43,000-dalton ankyrin binding fragment of band 3 was prepared from patient A.P. and a normal control, the preparations contained identical amounts of protein. Furthermore, both fragment preparations inhibited the binding of 125I-ankyrin to membranes equivalently. Thus, the abnormality on the membrane is no longer demonstrated when the binding sites are in solution.
DISCUSSION
Similar specific defects were found in the membranes of poikilocytic erythrocytes of three patients from two different families. The erythrocyte morphology of each is strikingly abnormal, yet the patients are all in good health. It was anticipated that the actual molecular defect would be subtle since an absolute dysfunction of an essential membrane structure would probably lead to much more severe hemolysis. Spectrin and spectrin binding sites (ankyrin) appeared normal. There was no peculiar heat sensitivity of spectrin, ankyrin, or membrane vesicles. However, ankyrinstripped, inside-out vesicles prepared from these patients bound significantly less than normal amounts of 125I-ankyrin. Scatchard analysis indicated that the most likely explanation is a 50% reduction in the number of high affinity ankyrin binding sites on the Also, the lack of points in the lower affinity portion of the binding plots make the calculated B2, and KD2 very unreliable.
Nevertheless, estimates of B, agree with the values measured in experiment 8. membrane. However, when the binding sites were cleaved from the membrane, identical associations of ankyrin with the 43,000-dalton fragment preparations were measured in solution.
We looked specifically for trivial causes of reduced ankyrin binding capacity but were unable to detect an artifact that could explain our data. SDS-PAGE failed to show significant deficiencies or abnormalities of the individual peptides, and no significant proteolysis was apparent. There was <5% persistent hemoglobin, spectrin, or ankyrin on the ankyrin-stripped, inside-out vesicles, and this could not account for a reduction in binding capacity (due to persistent occupation of binding sites or due to an increase in the proportion of right-side-out vesicles). Also, 125I-spectrin binding was measured to inside-out vesicles prepared simultaneously from the same erythrocytes from which ankyrin-stripped, inside-out vesicles were prepared, and these experiments demonstrated that patient and control vesicles contained identical spectrin binding capacities (a function of total ankyrin content). Besides performing the spectrin and ankyrin binding assays on erythrocytes from these three patients, a relative with classical elliptocytosis, normal relatives, and unrelated normals, we investigated erythrocytes from patients with spherocytosis and other patients who had undergone splenectomies. Reduced 125I-ankyrin binding was found only in erythrocytes from these three patients, and it does not appear to be an artifact of cell size, reticulocyte count, or due to absence of the spleen.
Our conclusion that the number of high affinity ankyrin binding sites is reduced is based upon interpretation of curvilinear Scatchard plots. The patient and control membranes bound 125I-ankyrin differently (Fig. 4) (32, 40) . The unbound fraction of band 3 (extracted with Triton X-100) and total band 3 bind 125I-ankyrin similarly when compared in solution (29) and when compared in reconstituted liposomes (40) . Also, two-dimensional peptide maps of ankyrin-bound band 3 and unbound band 3 appear virtually identical (unpublished data). Some evidence suggests that band 3 exists on the membrane as a tetramer (41, 42) , and it has been suggested that ankyrin may bind only to a single member of each band 3 tetramer (40) . If the binding sites of our patients' cells are unfavorably clustered on the membrane, the sites available for ankyrin binding would appear diminished due to steric effects while the number of potential sites would not be reduced when cleaved from the membrane and measured in solution as in Fig. 5 . Our data, like that of Bennett and Stenbuck (32) , result in curvilinear Scatchard plots with apparent high affinity sites (KD =-5 nM) and "low" affinity sites (KD = -0.14 ,uM, which is still sufficient to result in a strong interaction). It is uncertain how these sites are related. Curvilinear Scatchard plots may not necessarily indicate a multiplicity of the types of binding sites, but may result from negative cooperativity affecting a single class of sites, or curvilinearity may result from conformational differences within a single population of receptor types. While the data of Hargreaves et al. (40) appear to result in linear Scatchard plots, significant differences in methods of ankyrin prepara-tion, vesicle preparation (leaving up to 30% residual ankyrin), and assay technique may be responsible for this. The data contained in this report suggest that there is some difference between the two types of binding sites since only the high affinity sites are significantly reduced, and the difference does not appear to be in the 43,000-dalton fragment. Therefore, the apparent difference between high and low affinity binding sites may also be due to differences of band 3 conformation. The interaction between ankyrin and band 3 on the membrane is complicated and more investigation is required.
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